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Axial patterning is a recurrent theme during embryonic development. To elucidate its fundamental principles, the hair follicle is an attractive
model due to its easy accessibility and dispensability. Hair follicle asymmetry is evident from its angling and the localization of associated
structures. However, axial patterning is not restricted to the follicle itself but also generates rotational hair shaft asymmetry which, for zigzag hairs,
generates 3–4 bends that alternately point into opposite directions. Here we show by analyzing mutant and transgenic mice that WNT and
ectodysplasin signaling are involved in the control of the molecular and morphological asymmetry of the follicle and the associated hair shaft,
respectively. Asymmetry is affected by polarized WNT and ectodysplasin signaling in mature hair follicles. When endogenous signaling is
impaired, molecular asymmetry is lost and mice no longer form zigzag hairs. Both signaling pathways affect the polarized expression of Shh
which likely functions as a directional reference for hair shaft production in all follicles. We propose that this regulatory pathway also establishes
follicular asymmetry during morphogenesis. Moreover, the identified molecular hierarchy offers a model for the periodic patterning of zigzag hairs
mechanistically similar to mesodermal segmentation.
© 2007 Elsevier Inc. All rights reserved.Keywords: Axial patterning; Hair follicle; Wnt; Ectodysplasin; Sonic hedgehogIntroduction
One area of long-standing debate has been developmental
mechanisms that give rise to asymmetric body structures by
axial patterning processes. In higher organisms, embryonic
morphogenesis occurs along three orthogonal axes. Embryo
polarity is established by pre-patterning of the egg in most
species; for instance, the anterior–posterior axis of Drosophila
is determined early during oocyte formation (Huynh and St
Johnston, 2004). By contrast, mammals appear to acquire
polarity after fertilization; according to a recent study, it is
established at the blastocyst stage in mouse embryos (Motosugi
et al., 2005).
Anterior–posterior patterning is affected by WNT signaling.
Whereas the axis-inducing WNT family members possess
posteriorizing activity, anteriorly localized antagonists such as
DKKs are essential for the development of anterior structures⁎ Corresponding author. Fax: +49 761 5108 744.
E-mail address: schlake@immunbio.mpg.de (T. Schlake).
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.02.010(Yamaguchi, 2001). Interestingly, WNTs and DKKs are also
among the critical determinants of dorso-ventral axis specifica-
tion. Together with BMPs, WNT signaling has a ventralizing
effect; the development of dorsal structures is enabled by the
localized expression of specific inhibitors such as Chordin and
Dkk1, respectively (Schier, 2001). Recently, a member of the
Wnt family was also implicated in left–right determination
and shown to link this process to anterior–posterior axis
elongation and segmentation (Nakaya et al., 2005).
Based on the involvement of many fundamental processes
in the formation and maintenance of epidermal appendages,
the hair follicle has increasingly become an attractive
research model. Most if not all major signaling pathways
such as WNT, BMP, and SHH signaling are involved in hair
follicle morphogenesis and also act in the mature follicle
(Andl et al., 2002; Botchkarev et al., 1999; DasGupta and
Fuchs, 1999; Gambardella et al., 2000; Kulessa et al., 2000;
Reddy et al., 2001; St-Jacques et al., 1998). In mouse, hair
follicles develop in several successive waves of induction
that are dependent on canonical WNT activity and have
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BMP signals (Andl et al., 2002; Botchkarev et al., 2002;
Headon and Overbeek, 1999; Laurikkala et al., 2002). These
inductive waves give rise to distinct pelage follicle types
designated guard, awl, auchene, and zigzag which produce
characteristic hair shafts differing in length and structure
(Dry, 1926).
Ectodysplasin and its receptor EDAR which belong to the
TNF and TNF receptor superfamilies, respectively, are
expressed in complementary patterns in ectodermal tissues;
while Edar is transcribed in the placodes of developing hair
and feather follicles, teeth, and exocrine glands, expression
of its ligand is restricted to non-placodal ectoderm
(Houghton et al., 2005; Laurikkala et al., 2001, 2002). In
hair follicles, both receptor and ligand are expressed in the
forming hair bulb later on (Laurikkala et al., 2002). At least
in tooth germ, activity of Eda and Edar is controlled by
WNT and activin signals, respectively (Laurikkala et al.,
2001). Ectodysplasin signaling appears to promote a
placodal cell fate downstream of primary placode induction
and its suppression affects the morphogenesis of various
ectodermally derived structures (Mustonen et al., 2004;
Schmidt-Ullrich et al., 2006; Sundberg, 1994b). Interestingly,
however, impaired signaling has distinct effects on hair
follicle development. While the first inductive wave that
gives rise to guard hair follicles is missing (Headon and
Overbeek, 1999), functional hair follicles still emerge during
subsequent inductive waves. Nevertheless, zigzag hairs
whose follicles develop around birth are lacking in the
absence of ectodysplasin signals (Sundberg, 1994b).
IGF-mediated signaling also seems to play an important role
in hair shaft formation in addition to its involvement in hair
follicle induction and morphogenesis. Insulin-like growth factor
I (IGF-I), its receptor IGF-IR, and several IGF-binding proteins
(IGFBPs) are expressed in various compartments of the human
and murine hair follicle (Hodak et al., 1996; Little et al., 1996;
Rudman et al., 1997; Tavakkol et al., 1992). Whereas mice that
are deficient for either Igf-I or Igf-II show no apparent hair
follicle phenotype (DeChiara et al., 1990; Liu et al., 1993),
double deficient mice as well as Igf-Ir null animals develop
fewer hair follicles that are retarded in their development (Liu
et al., 1993). An effect of IGF-I signaling on hair shaft dif-
ferentiation was for instance demonstrated by an altered hair
appearance and the lack of hair shaft bending in Ivl∷Igf-I
transgenic mice (Weger and Schlake, 2005). IGF-I's activities
can be either supported or antagonized by members of the
IGFBP family which appear to have also IGF-independent
functions (Clemmons, 1992; Hong et al., 2002; Rajah et al.,
1997). Recently, IGFBP5 was identified as the first molecular
marker of zigzag hair follicles and shown to be involved in hair
shaft bending (Schlake, 2005b).
Irrespective of their type, follicles and hair shafts are
rotationally asymmetric. Hair follicle asymmetry is estab-
lished during early morphogenesis and evident from its
angling into posterior–anterior direction and the localization
of associated structures such as the sebaceous gland. Due to
the presence of two or more columns of medulla cells thatare virtually arranged in a plane, guard, awl, and auchene
hairs are flat keratinized structures with a defined orientation
(Sundberg and Hogan, 1994). By contrast, zigzag hairs
contain only a single column of medulla cells and, thus,
single hair shaft segments are almost rotationally symmetric.
However, 3–4 nearly equispaced bends that come along with
a significant constriction of the hair shaft are introduced
during hair growth, thereby producing a rotationally asym-
metric structure which suggests that axial patterning also
takes place in this follicle type (Sundberg and Hogan, 1994).
These bends alternately point into opposite directions,
indicating that axial polarity within zigzag hair follicles
may change periodically to produce the characteristic hair
shape. Although major advances have been made towards
the identification of pathways and mechanisms that partici-
pate in follicular morphogenesis and hair production, the
molecular basis for axial patterning and the resulting polarity
of follicles and hair shafts has remained elusive.
Here, we address the role of WNT signaling in
establishing axial polarity in hair follicles. To suppress the
canonical pathway, we used the Foxn1 promoter which
localizes gene expression predominantly to the hair cortex
for transgenic expression of Dkk1. We demonstrate that
moderate levels of Dkk1 transgene expression partially
mimic the phenotypic effects of ectodysplasin deficiency.
In addition, Dkk1 transgenic and ectodysplasin mutant mice
are almost indistinguishable on the molecular level. Hair
follicles of both are almost devoid of Igfbp5, Shh, and
Krox20 expression. We present evidence that WNT and
ectodysplasin signaling are polarized in the mature hair
follicle and that both pathways affect the asymmetric
localization of Shh expression, thereby controlling axial
polarity within the follicle. SHH in turn appears to act as a
directional reference for hair shaft production and affects for
instance the orientation of hair shaft bends. The molecular
hierarchy involved in axial patterning of the mature hair
follicle explains the periodic patterning of zigzag hairs by a
mechanism similar to mesodermal segmentation. We propose
that the identified regulatory system also establishes
follicular asymmetry during morphogenesis and may be
relevant to other developmental patterning processes.Materials and methods
Mice, generation of transgenic mice
Ivl∷Igf-I, Ivl∷Igfbp3, and BATgal transgenic mice as well as tabby animals
have been previously described (Maretto et al., 2003; Sundberg, 1994b; Weger
and Schlake, 2005). The coding regions of EdaA1 and Shh were amplified by
PCR from P10 cDNA of skin using the following primers which contain NotI
sites for subcloning: 5′-GATGCGGCCGCCATGGGCTACCCAGAGGTA-
GAG-3′ and 5′-GATGCGGCCGCTCTAGGATGCAGGGGCTTCG-3′ for
EdaA1; 5′-AGTGCGGCCGCCATGCTGCTGCTGCTGGCCAGA-3′ and 5′-
AGTGCGGCCGCGGCTTCAGCTGGACTTGAC-3′ for Shh. The murine
Dkk1 (a kind gift of C. Niehrs) and Shh cDNAs were cloned into an expression
vector containing a 30 kb promoter fragment of the Foxn1 gene (Bleul and
Boehm, 2005). The EdaA1 cDNA was cloned into an expression vector that
contains the involucrin (Ivl) promoter and has been previously described (Carroll
et al., 1993). The choice of promoters was dictated by technical limitations of
Fig. 1. Foxn1∷Dkk1 transgenic mice reveal a hair phenotype. (A) The appearance of mice differs among transgenic lines. Whereas some mice show a moderately
altered appearance of their hair coat as compared to wildtype mice, others are naked. Two-week-old mice are shown as representatives. (B) Dkk1 expression in 10-day-
old back skin was addressed by in situ hybridization. Strong transgene expression is located in the hair cortex. Endogenous Dkk1 expression was not detectable by in
situ hybridization. (C) Hematoxylin and eosin staining of 10-day-old back skin revealed that skin of strongly affected transgenic mice is largely devoid of hair follicles.
However, it still contains some large follicular structures (inset) with an altered morphology and lacking a regular hair shaft that represent guard hair follicles. Scale
bars: 100 μm.
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expression of secreted proteins are largely independent of the promoter's identity
(Cui et al., 2003; Mustonen et al., 2003; Zhang et al., 2003) (data not shown). The
transgenes were released by digestion with SalI and microinjected into fertilized
eggs from FVB mice. Founder mice were bred to BALB/c mice. For better
visualization of focal alopecia behind the ear, mice were backcrossed to C57BL/6
animals.
Histology, in situ hybridization
Back skin from mice of various postnatal ages representing the first and second
growth phase of the hair cyclewas fixed in 4%paraformaldehyde, paraffin embedded,
and sectioned at 6 μm for hematoxylin and eosin staining or in situ hybridization.
Essentially, non-radioactive in situ hybridizations were performed as previously
described (Weger and Schlake, 2005). To make sure that representative sections truly
reflect the follicular localization of gene expression, all analyses were done on serial
sections. Both sense and antisense strands of gene-specific fragments were used as
probes. These fragments were generated by PCR using the following gene-specific
primers (fragment size is indicated): Igfbp5: nt. 2021–2040 and nt. 3175–3194 in
NM_010518 (1174 bp).Krox20: nt. 1261–1280 and nt. 1936–1955 in NM_010118
(695 bp). Shh: nt. 857–876 and nt. 1558–1577 in NM_009170 (721 bp). Dkk1: nt.
105–124 and nt. 927–946 in NM_010051 (842 bp). Krm2: nt. 852–871 and nt.
1571–1590 in NM_028416 (739 bp). Eda: nt. 173–196 and nt. 1333–1352 in
NM_010099 (1180 bp). Edar: nt. 1497–1516 and nt. 2241–2260 in NM_010100Fig. 2. Moderate suppression of WNT signaling partially mimics the loss of ectodysp
as opposed to wildtype littermates. Four-week-old mice are shown as representatives.
that are missing in Foxn1∷Dkk1 and tabby animals. Sections of 11-day-old mice
structures (bottom) of wildtype, Foxn1∷Dkk1 transgenic, and tabby mice. Transgeni
medulla cells; however, many tabby hairs show short stretches of medulla consisting
not repressed due to the late activation of the Foxn1 promoter during epidermal mor
significant shortening in Foxn1∷Dkk1 (Tg) and tabby mice as compared to wildtype
induced hair follicle buds (arrows) are found around birth in Foxn1∷Dkk1 transgenic
hematoxylin and eosin. g, guard; a, awl; au, auchene; z, zigzag; al, awl-like. Scale b(764 bp). Axin2: nt. 2060–2079 and nt. 2841–2860 in NM_015732 (801 bp). Saa3:
nt. 8–27 and nt. 490–510 in NM_011315 (503 bp).
Hair analysis, morphometry
Hair was plucked from 4-week-old mice and single hair shafts were
sorted to determine the composition of the hair coat. For measurements of
overall hair lengths and bending angles and for the analysis of the internal
structure of hair shafts, a Zeiss dissecting microscope and a Zeiss light
microscope were used, respectively. To analyze the orientation of hair shafts
with respect to body axes, back skin of 10-day-old mice was shaved and
analyzed with a Zeiss dissecting microscope. Hair follicle density of age-
matched mice was determined by counting the number of hair shafts and/or
follicles per square millimeter; in addition, the mean distance of follicle
infundibuli on skin sections was taken into account. Photographs were taken
using a Sony digital camera. Statistical significance of measured differences
was addressed using Student's t-test.
Staining for β-galactosidase activity
Back skin from 10-day-old BATgal mice was cut into small pieces from
which small hair follicle aggregates were isolated using fine forceps. Fixation
was done for 1 to 2 h in 1% formaldehyde+0.2% glutaraldehyde. After washing
in PBS with 0.05% BSA, aggregates were incubated with staining solutionlasin. (A) Focal alopecia behind the ear is found in Foxn1∷Dkk1 and tabby mice
(B) Foot pads of wildtype mice are characterized by the presence of sweat glands
were stained with hematoxylin and eosin. (C) Trichogram (top) and hair shaft
c and tabby hair shafts are thinned and generally contain only a single column of
of two cell columns. Note that guard hair development in Foxn1∷Dkk1 mice is
phogenesis (see also Fig. 1C). (D) The analysis of hair shaft lengths revealed a
animals. Mean values and standard deviations are shown (n≥10). (E) Recently
as well as in ectodysplasin deficient mice. Sectioned back skin was stained with
ars: 100 μm.
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Fig. 3. WNT and ectodysplasin signaling affect follicular Igfbp5 expression. In situ hybridization revealed Igfbp5 expression in 10-day-old back skin. Representative
examples for the majority of hair follicles (left) and for large guard hair follicles (right) are shown. Tabby mice lack guard hair follicles due to the absence of the
respective inductive wave during embryogenesis. Scale bars: 100 μm.
250 B. Hammerschmidt, T. Schlake / Developmental Biology 305 (2007) 246–261containing X-Gal as a substrate for several hours. After staining and fixation,
individual hair follicles were isolated using fine forceps.
Results
Foxn1∷Dkk1 mice are a partial phenocopy of ectodysplasin
deficient animals
The murine hair follicle is a rich source of Wnt gene
expression and produces several signaling inhibitors of the
SFRP and DKK protein families as well (data not shown)
(Reddy et al., 2001). In order to interfere with endogenousWNT signaling in the developing and mature hair follicle, we
expressed DKK1, a well-characterized inhibitor of WNT
activity (Glinka et al., 1998), under the control of the Foxn1
promoter (Bleul and Boehm, 2005). It gives rise to strong
expression in the hair cortex and to weak expression in the
epidermis. However, previous analyses concerning FGF
signaling in the hair follicle revealed that expression of secreted
proteins by the cortex is sufficient to also interfere with signal
transduction in the hair bulb (Schlake, 2005a). Indeed, the
Foxn1 promoter is the best available choice at present;
promoters that give rise to reliable and satisfying transgene
expression in the bulb are still missing.
Fig. 4. Hair shaft bending is independently affected by distinct signaling
pathways. Fractions of distinct hair types in wildtype and different transgenic
mouse lines. While severely affected lines of Ivl∷Igf-I transgenic mice are
completely devoid of zigzag hairs, their fraction is only significantly reduced in
a moderately expressing line. Furthermore, zigzag hair formation is partially
restored in severely affected mice in the presence of ectopic Igfbp3 expression.
By contrast, zigzag hair production could not be rescued by transgenic Igfbp3 in
mice in which WNT (data not shown) or ectodysplasin signaling is disturbed.
Number of analyzed hair shafts per line ≥400. g, guard; a, awl; z, zigzag; al,
awl-like.
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was correlated to the level of transgene expression. At
moderate levels of ectopic Dkk1 mRNA, mice developed a
structurally abnormal hair coat (Fig. 1A). By contrast, hair
follicles revealed a regular morphology; as expected,
transgene expression was predominantly found in the hair
cortex (Fig. 1B). In the presence of strong Dkk1 expression,
mice appeared hairless (Fig. 1A); consistent with previous
results on K14∷Dkk1 animals (Andl et al., 2002), this was
accompanied by a lack of any morphological and molecular
indications of hair follicle formation. In our system, however,
guard hair follicle induction at day 14–14.5 of embryonic
development still took place since the Foxn1 promoter
becomes activated later during embryogenesis than the
previously used K14 promoter (E14–14.5 vs. E9.5) (data
not shown). Although guard hair follicle buds developed into
mature follicular structures, these revealed an aberrant
morphology and lacked a regular hair shaft (Fig. 1C). All
further experiments were performed with mice expressing
moderate levels of Dkk1.
Interestingly, Foxn1∷Dkk1 mice of mild phenotype exhib-
ited focal alopecia behind the ear reminiscent of the appearance
of mice lacking functional ectodysplasin (so called tabby mice)
(Srivastava et al., 1997; Sundberg, 1994b) (Fig. 2A). Therefore,
we asked whether Foxn1∷Dkk1 mice might be a partial
phenocopy of tabby animals and examined the presence of other
phenotypic characteristics of tabby mice. Indeed, Foxn1∷Dkk1
mice lacked sweat glands in their foot pads (Fig. 2B) and
developed only thin hairs devoid of any hair shaft bending (Fig.
2C) as described for ectodysplasin deficient mice (Sundberg,
1994b). Furthermore, Foxn1∷Dkk1 and tabby mice showed a
significant shortening of hair shafts (Fig. 2D). While transgenic
and mutant mice were largely indistinguishable, the transgenic
phenotype appeared to be slightly more severe as judged by hair
shaft thinning (Fig. 2C).
Although both mouse models do not produce zigzag hairs,
hair follicle density was largely unaffected (data not shown)
(Cui et al., 2003), indicating that zigzag hair follicles which
give rise to about 70% of pelage hairs may still be present. If
so, they were expected to produce morphologically abnormal
hair that lacks the characteristic sharp bends. In order to
ascertain that the absence of zigzag hairs is not the
consequence of a lack of their specific follicular induction,
we next examined hair follicle initiation. Different follicle
types are induced in clearly distinguishable separate waves;
buds at E18.5 and later time points are indicative of zigzag
hair follicles that emerge last during hair follicle development.
In both Foxn1∷Dkk1 and tabby mice, newly induced follicles
were observed at E18.5 and P1 (Fig. 2E and data not shown),
indicating a regular morphogenetic program. However, this
does not fully exclude the possibility that zigzag hair follicles
were replaced by a different follicle type. Together, our data
suggest that the formation of at least some ectodermally
derived structures is affected by both WNT and ectodysplasin.
Of note, differences between tabby and Foxn1∷Dkk1 mice
may just rely on the temporal and spatial expression pattern
of the Foxn1 promoter.WNT and ectodysplasin signaling affect Igfbp5 expression
To address the interconnection of the signaling pathways
further, we next examined the apparent absence of zigzag hairs
in more detail. To this end, we used a recently described
molecular marker of zigzag hair follicles, Igfbp5 (Schlake,
2005b). Guard hair follicles can be recognized by their
exceptionally large size; their weak Igfbp5 expression in the
hair matrix was preserved in Dkk1 transgenic mice (Fig. 3); by
contrast, expression in the medulla and the dermal papilla which
is indicative of zigzag follicles was completely lost. As
expected from our phenotypic observations, tabby mice were
also almost devoid of follicular Igfbp5 expression, although
weak expression was detectable in some follicles (Fig. 3).
Again, Foxn1∷Dkk1 transgenic mice appeared to develop a
slightly stronger phenotype than tabby animals. Given the
functional involvement of Igfbp5 in hair shaft bending (Schlake,
2005b), its down-regulation in Foxn1∷Dkk1 and tabby mice
may be responsible for the lack of zigzag hairs. Of note, residual
Igfbp5 expression in tabby mice clearly supports our above
conclusion that zigzag hair follicles still develop in these
animals.
Interestingly, transgenic mice with over-expression of
ectodysplasin A1 that could be considered the complement to
ectodysplasin loss-of-function mutations in tabby animals also
lack zigzag hairs (Cui et al., 2003; Mustonen et al., 2003; Zhang
et al., 2003), indicating that a balanced level of ectodysplasin
may be crucial for zigzag hair formation. Hence, analysis of
ectodysplasin A1 transgenic mice may assist the elucidation of
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which an involucrin promoter fragment drives transgene
expression to the inner root sheath and medulla of the hair
follicle develops a coat of virtually normal density that contains
many unusually thin hair shafts with an irregular shape (data not
shown); actually, our mice are indistinguishable from those that
were previously described (Zhang et al., 2003). The expressionFig. 5. Hair shafts show a distinct orientation. (A) The lateral view of an auchene h
medulla cells (left) and reveals that the clearly visible bending is accompanied by a
reveals at least two columns of medulla cells (left) and a clearly constricted but abso
murine back skin. The flat sides of hair shafts with multi-column medullae show an a
an anterior–posterior (or, more unlikely, posterior–anterior) direction. We assume the
this directly due to technical limitations. (C) Schematic of hair shaft orientation with
view from the left side. a, anterior; p, posterior.pattern of Igfbp5 appeared to be largely unaffected in these mice
(Fig. 3), indicating that zigzag hair follicles are still formed.
Previous analyses revealed that over-expression of Igf-I
suppressed zigzag hair development, although zigzag hair
follicles were stilled formed (Weger and Schlake, 2005). This
phenotype was caused by a KROX20-mediated and a direct
suppression of IGFBP5, respectively (Schlake, 2005b; Schlake,air (top) shows a thin hair shaft that appears to possess only a single column of
thinning of the hair shaft (right). The frontal view of an auchene hair (bottom)
lutely straight hair shaft at the site of the bend (right). (B) Top view on shaved
nterior–posterior orientation, suggesting that bending of auchene hairs occurs in
same orientation of zigzag hair bends but, unfortunately, it is impossible to prove
respect to body axes. All sections depicted in this work correspond to the lateral
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absence of zigzag hairs in our mice might be mediated by excess
IGF-I (Weger and Schlake, 2005). To this end, the effect of
ectopic expression of IGFBP3 which can act as an IGF-I
antagonist was analyzed (Clemmons, 1992; Weger and Schlake,
2005). In Igf-I transgenic mice, over-expression of Igfbp3
partially restores zigzag hair formation. By contrast, zigzag hair
deficiency was unaffected by ectopic IGFBP3 in Ivl∷EdaA1,
Foxn1∷Dkk1, and tabby animals (Fig. 4 and data not shown),
suggesting that the hair phenotype is not due to increased Igf-I
expression. This was corroborated by semi-quantitative RT-
PCR analyses (data not shown). Likewise, transgenic Igf-I does
not act via modulation of ectodysplasin expression (data not
shown). Thus, zigzag hair formation appears to be indepen-
dently regulated by at least two separate pathways that are IGF-I
dependent and independent, respectively.
Shh expression in hair follicles is linked to their axial polarity
Greasy mice whose genetic defect is allelic to that of tabby
animals produce only straight hair shafts but still possess zigzag
hairs as judged by 3–4 constrictions per hair shaft (Sundberg,
1994a), demonstrating the existence of two separable steps of
hair shaft bending. The lack of a directed curvature of hair shafts
indicates that ectodysplasin signaling might be involved in the
control of axial patterning within the hair follicle; among other
effects, loss of axial polarity would inevitably cause lack of
bending. Moreover, regulation of follicular asymmetry by
ectodysplasin would provide a common molecular explanation
for the lack of zigzag hairs in transgenic and mutant mice.
All murine pelage hairs show rotational asymmetry (Sund-
berg and Hogan, 1994). In auchene hairs, two or more columns
of medulla cells that are almost arranged in a plane and a single
bend are responsible for this structural feature (Fig. 5A). Of
note, the bend has a defined orientation with respect to the flat
hair shaft. The analysis of hair shaft orientation relative to body
axes demonstrated a distinct arrangement (Fig. 5B). Together,
these findings suggest a defined orientation of hair shaft bends
which point either in anterior–posterior or posterior–anterior
direction (Fig. 5C). As a matter of course, the structural
asymmetry should be reflected by a corresponding molecular
asymmetry in the hair follicle that controls the bending process.
Since all hair shafts are rotationally asymmetric and reveal a
defined orientation relative to body axes, molecular asymmetry
might actually be found in all follicle types.
According to previous reports, Krox20 reveals an asym-
metric expression pattern in the hair bulb that is restricted to
zigzag hair follicles (Gambardella et al., 2000; Schlake, 2006).
Asymmetry of follicular expression has also been reported for
Shh (Gambardella et al., 2000) which is expressed in all pelage
follicles. Therefore, we next asked whether the expression
domains might be somehow linked to the axial polarity of hair
follicles and hair shafts. In guard and large awl hair follicles,
Shh was always expressed in the anterior part of the hair matrix
(Fig. 6A), consistent with the invariant orientation of their hair
shafts. Similar to Krox20 expression (Gambardella et al., 2000;
Schlake, 2006), other follicles showed Shh expression on eitherof the two sides of the dermal papilla or, in a few cases, revealed
an almost symmetrical expression pattern (Fig. 6A). Shh
expression in the posterior hair matrix was exclusively
associated with zigzag hair follicles, indicated by co-expression
with Igfbp5 and Krox20 (Figs. 6B and C). Given that about
70% of pelage hairs are of the zigzag type, sections with a
majority of follicles showing anterior expression suggest that
this pattern also occurs in zigzag hair follicles (Fig. 6A). This
was confirmed by co-expression studies with Igfbp5 and
Krox20 (data not shown). Of note, asymmetric Igfbp5
expression in the hair matrix was always co-localized with
Shh gene expression on the same side (data not shown).
Together with the fact that Shh and Krox20 mRNAs are co-
localized in the hair matrix and Krox20 was demonstrated to
exhibit variable expression in single follicles (Fig. 6C)
(Gambardella et al., 2000), these data suggest switching of
Shh and Krox20 expression in zigzag hair follicles between
anterior and posterior domains, consistent with the alternating
polarity of their hair shafts. Thus, the localization of gene
expression may indicate or even control the direction of bending
(Fig. 6D). In follicles with almost symmetric expression
patterns, the midpoint of switching from one side to the other
may have been captured.
WNT and ectodysplasin signaling affect the localized
expression of Shh and Krox20 in the hair follicle
To obtain support for this model, we tested whether WNT
and ectodysplasin signaling which affect hair shaft bending
govern asymmetric expression of Shh and/or Krox20. Whereas
Krox20 and Shh predominantly showed expression in the hair
matrix on either of the two sides of the dermal papilla in
wildtype skin, Dkk1 transgenic and tabby follicles were devoid
of Krox20 and Shh expression (Fig. 7). By contrast, EdaA1
transgenic follicles always showed Shh and Krox20 expression
in the matrix on both sides of the dermal papilla (Fig. 7);
likewise, we found only symmetric Igfbp5 expression in the
hair bulb (data not shown). For transgenic follicles expressing a
stabilized form of β-catenin symmetrical Shh expression was
also reported (Gat et al., 1998). These data suggest that WNT
and ectodysplasin signaling primarily control axial patterning in
the mature hair follicle; without this directional reference,
regular bending is impossible. In summary, WNT and
ectodysplasin are essential for Shh expression and affect its
localization in the hair matrix of all pelage follicle types, i.e.
guard, awl, auchene, and zigzag hair follicles. Of note,
asymmetric Shh expression in either the anterior or posterior
hair matrix is preserved in Ivl∷Igf-I transgenic mice (data not
shown), further corroborating the existence of two separate
pathways that control hair shaft bending.
We then asked whether WNT and ectodysplasin signaling act
independently of each other or in a common pathway to control
follicular Shh and Krox20 expression. Foxn1∷Dkk1/Ivl∷EdaA1
double transgenic mice showed a partial restoration of the
molecular defects of Dkk1 transgenic follicles (Fig. 8). Since
Foxn1∷Dkk1 transgenic mice partially mimic the phenotype of
tabby animals and suppression ofWNTsignaling causes a slightly
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suggests that EdaA1 may act downstream of WNTs.
Mature hair follicles reveal asymmetric WNTand ectodysplasin
signaling
We next asked how follicular polarity is established.
Morphological asymmetry of the hair follicle is determined
during early morphogenesis by a yet unknown mechanism and
may trigger molecular polarity in the developing hair bulb.
Likewise, it might control the formation of molecularly
asymmetric hair bulbs at the beginning of each growth phase
of the hair cycle. Once established, axial polarity of the hair
bulb might be self-stabilizing and, thus, does not necessarily
require a permanent signal that triggers polarization. However,
since zigzag hair follicles are supposed to show toggling
polarity, at least this follicle type should express the asymmetry-
determining signal(s) during the growth phase of the hair cycle.
According to our data, WNT and ectodysplasin signaling
appear to control axial polarity of the hair bulb and hair shaft.
Hence, we first tested whether WNT signaling is asymmetric at
all. To this end, we stained hair follicles of BATgal mice for β-
galactosidase activity indicative of signaling via the canonical
pathway. While staining was prominent in the hair cortex,
dermal papillae and the hair matrix revealed much weaker
signals; staining was reduced in general on a Foxn1∷Dkk1
background. The presence of WNT signals in the hair bulb is
strongly corroborated by the expression patterns of the receptor
genes frizzled 1 and 10 (Reddy et al., 2004). Of note, at least
some follicles clearly showed asymmetric β-galactosidase
staining in the hair matrix (Fig. 9) as opposed to a symmetric
signal in the cortex. Moreover, the WNT target gene axin2
revealed strong and asymmetric expression in the matrix
compared to a much weaker and symmetric expression in
other parts of the proximal hair follicle (Fig. 9). These
observations are consistent with our previous results and
support a role of WNT signals in establishing follicular polarity.
However, a detailed analysis of WNT expression in murine hair
follicles did not provide evidence for a WNT gradient (Reddy et
al., 2001).
To identify the molecular basis of polarized WNT signaling,
we thus investigated further components of the canonical
pathway such as inhibitors and receptors and noticed polarized
expression of Krm1 and Krm2 in the hair matrix on either of the
two sides of the dermal papilla (Fig. 9 and data not shown).Fig. 6. Shh expression in the posterior hair matrix is exclusively associated with zigzag
Shh expression during the growth phase of the hair cycle. In large guard hair follicles
Very weak signals were also visible on the posterior side of the hair matrix. In those aw
the anterior side. In the majority of the remaining follicles, matrical expression occurre
expression were found. In a few follicles, almost symmetrical gene expression was det
the proximal inner root sheath or appears to be restricted to matrical cells. (B) In situ
Shh and Igfbp5 expression during the growth phase of the hair cycle. Note that Sh
expression in the same follicle. (C) In situ hybridizations on consecutive sections o
growth phase of the hair cycle. Note that Shh expression on the posterior side of the ha
the proposed link between toggling Shh expression (blue) and the direction of bending
or into the opposite direction is uncertain. Dotted lines indicate a plane through theSince these genes encode transmembrane proteins that act as
DKK co-receptors and are involved in the control of the
canonical WNT pathway (Mao et al., 2002), their expression
pattern supports the presence of asymmetric WNT signaling in
the matrix. Obviously, the interplay of KRM and DKK proteins
tightly controls the WNT signaling pathway in the hair bulb by
suppressing its activity at the site of KRM synthesis in the hair
matrix. Of note, the expression of Krm1 and Krm2 appears to
limit the action of endogenous as well as transgenic DKKs to
this compartment.
Asymmetric expression in the anterior and posterior hair
matrix, respectively, was also found for ectodysplasin,
corroborating its proposed role in the control of molecular
hair bulb polarity (Fig. 9 and data not shown). Its cognate
receptor, EDAR, showed polarized expression as well;
however, weak gene activity was detectable on the opposite
matrix side at the same time (Fig. 9). Since data on
Ivl∷EdaA1 transgenic mice indicate that ectodysplasin
stimulates Edar expression (data not shown), the ligand
appears to be the primary determinant of hair bulb polarity
in the presence of basal Edar transcription. Asymmetric
signaling in the hair bulb was verified by the expression
pattern of serum amyloid A3, Saa3, a known NF-κB target
gene (Fig. 9); it was previously demonstrated that
ectodysplasin signals are mediated by NF-κB (Schmidt-
Ullrich et al., 2006). Stimulated and symmetric Saa3
expression in the hair matrix of ectodysplasin transgenic
mice substantiated a direct action of the transgene in this
compartment (data not shown).
A possible role of Shh in axial patterning of the hair follicle
Finally, in order to determine whether Shh is just an indicator
of hair follicle polarity or may guide axial patterning of the hair
shaft, we generated Foxn1∷Shh transgenic mice to disturb
endogenous SHH signaling. Two lines revealed an altered
appearance of the pelage and strong symmetrical transgene
expression in the hair cortex (Fig. 10A and data not shown).
Concomitantly, symmetry of Krox20 expression was increased
(Fig. 10B); consistent with this, expression of its target gene
Igfbp5 appears to be largely symmetric in the hair bulb (data
not shown). However, transgenic Shh did not induce Krox20
expression in large guard and awl hair follicles; likewise, the
frequency of Krox20 expressing follicles appeared to be
unaffected in comparison to wildtype mice (data not shown).hair follicles. (A) In situ hybridization on 10-day-old murine back skin revealed
(*), main gene expression was always found on the anterior side of the follicle.
l hair follicles that can be identified by size (#), Shh expression was restricted to
d on either of the two sides of the dermal papilla; all ratios of anterior to posterior
ected (arrow). The zone of Shh expression either extends from the hair matrix into
hybridizations on consecutive sections of 30-day-old murine back skin revealed
h expression on the posterior side of the hair matrix is associated with Igfbp5
f 10-day-old murine back skin revealed Shh and Krox20 expression during the
ir matrix co-localizes with Krox20 expression on the same side. (D) Schematic of
. Whether the hair shaft bends either towards the side of Shh expression (shown)
dermal papilla separating anterior and posterior follicle. Scale bars: 100 μm.
Fig. 7. Loss of axial patterning of the proximal hair follicle upon modulation of WNT or ectodysplasin signaling. In situ hybridizations revealed Krox20 and Shh
expression, respectively, in 10-day-old back skin. Of note, visualization of symmetric gene expression in Ivl∷EdaA1 transgenic hair follicles is hampered by their
misorientation. Scale bars: 100 μm.
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Foxn1∷Shh mice resulting in straighter hair shafts (Figs. 10C
and D), suggesting that Shh has a role in hair bending,
presumably by affecting axial patterning. We attribute the
residual weak bending to an insufficient transgene effect in the
presence of the very strong endogenous Shh expression in the
hair matrix next to the dermal papilla (Fig. 6A). This is due to
the fact that the Foxn1 promoter does not give rise to expression
in or next to this compartment; however, it is at present the best
available choice. Hence, it is very unlikely to obtain an entirely
even distribution of SHH in the hair bulb of transgenic mice.Discussion
A regulatory hierarchy affects axial polarity of hair follicles
In our efforts to understand patterning of and in the hair
follicle, we have investigated the role of WNT signaling that is
involved in many patterning processes by transgenic expression
of its inhibitor DKK1 in the hair follicle. These analyses
revealed that the canonical pathway is required both at the
induction stage and in the mature follicle to yield the normal
complement of different hair types.
Fig. 8. Transgenic expression of ectodysplasin A1 partially restores the
molecular aberrations in Foxn1∷Dkk1 hair follicles. In situ hybridizations on
sections of back skin from 10-day-old Foxn1∷Dkk1/Ivl∷EdaA1 double
transgenic mice revealed expression of Shh, Krox20, and Igfbp5. Note that
significant expression is found in a few follicles for each of these genes. Scale
bars: 100 μm.
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WNT signaling or ectodysplasin has almost identical effects.
On the molecular level, both pathways affect Shh expression
and its localization in all hair follicles, thereby contributing to
follicular polarity (Fig. 11). Very recently, ectodysplasin
signals were found to activate Shh expression also during
hair follicle morphogenesis (Cui et al., 2006; Schmidt-Ullrich
et al., 2006). According to our results, Shh may serve as a key
mediator of axial polarity. Of note, it has been previously
shown that Shh is an important player in diverse patterning
processes (Ingham and McMahon, 2001). We further provided
evidence for a role of WNTs, ectodysplasin, and SHH in
regulating the localization of Krox20 expression that in turn
controls Igfbp5 gene activity (Fig. 11) (Schlake, 2006).
However, none of the signaling pathways is sufficient to
induce Krox20 expression in the hair bulb. Whereas they
appear to act in all hair follicles in wildtype mice, Krox20
gene activity is restricted to zigzag hair follicles (Schlake,
2006). Moreover, follicular over-expression of either EdaA1or Shh did not induce Krox20 expression in the full
complement of hair follicles.
Our data suggest that ectodysplasin may act downstream
of WNT signals, although they do not fully exclude the
possibility of WNT and ectodysplasin acting almost indepen-
dently of each other. Indeed, ectodysplasin signaling in the
ectoderm is dependent on the canonical WNT pathway (Andl
et al., 2002). Furthermore, it has been shown that ectodys-
plasin is a direct target of WNTs that are sufficient to induce
Eda expression in tooth germ (Durmowicz et al., 2002;
Laurikkala et al., 2001). We note that the model of axial
patterning in the mature hair follicle presented in Fig. 11 may
be more complicated because asymmetric Shh expression
appears to be also under the control of BMP signaling
(Kobielak et al., 2003; Kulessa et al., 2000). However, it is
possible that this effect is mediated by Dkk1 whose
expression is regulated by BMPs (Grotewold and Ruther,
2002).
The presented data clearly demonstrate that WNT and
ectodysplasin signaling affect the molecular asymmetry of the
hair bulb in all follicle types. However, do these pathways
directly act in this compartment or just affect polarized gene
expression indirectly? The latter might be suspected in the
light of the fact that endogenous WNT signaling is strongest in
the hair cortex (DasGupta and Fuchs, 1999). However, while
transgenes that were used to interfere with endogenous
signaling were expressed either in the developing cortex or
inner root sheath, all transgenic proteins are secreted and
diffusible. For such molecules, a recent study on FGF
signaling in the hair follicle revealed that expression outside
of the hair matrix is sufficient to interfere with signal
transduction in this compartment (Schlake, 2005a). What is
the evidence that endogenous signaling as well as transgenic
disturbances thereof indeed affect molecular asymmetry
directly in the hair bulb? Since WNT signaling is strong but
symmetric in the cortex, it could hardly explain the establish-
ment of asymmetric gene expression in the bulb. Moreover,
expression of the WNT receptors FRZ1 and 10 as well as the
DKK co-receptors KRM1 and 2 in the hair bulb clearly
indicates that WNT signaling actually takes place in this
compartment (Reddy et al., 2004) (Fig. 9). This was further
corroborated by staining of the skin of BATgal reporter mice
and the expression of the WNT target gene axin2 which
unambiguously revealed asymmetric pathway activity in the
hair matrix. Finally, because KRM co-receptors are essential
for the suppression of WNT activity by DKKs, their matrix-
restricted expression strongly suggests that transgenic DKK1
exerts its effects in the hair bulb. The ectodysplasin receptor is
exclusively expressed in the hair matrix, clearly supporting the
notion that endogenous and transgenic signals do act in the
hair bulb. This was substantiated by the asymmetric gene
activity of Saa3, a known NF-κB target gene, in wildtype hair
matrix and its stimulated and symmetric expression in this
compartment in Ivl∷EdaA1 mice. The follicular expression
patterns of SHH receptors suggest that the effect of
endogenous and transgenic Shh is also restricted to the hair
bulb (Karlsson et al., 1999; Motoyama et al., 1998).
Fig. 9. PolarizedWNTand ectodysplasin signaling in murine hair follicles. Whole mount β-galactosidase staining of 10-day-old hair follicles of BATgal mice showed
asymmetricWNTsignaling in the hair matrix in addition to very strong signals in the cortex and significant signals in the dermal papilla. Asymmetry in the hair bulb was
also evident for the expression of the WNT target gene axin2 in 11-day-old skin from BALB/c mice. In situ hybridizations on 11-day-old wildtype skin revealed
polarized expression in the hair matrix on either of the two sides of the dermal papilla for the DKK co-receptor geneKrm2 and ectodysplasin. The ectodysplasin receptor
gene Edar showed asymmetric expression in the hair matrix always in combination with weak expression on the opposite side. Polarized expression of the NF-κB target
gene Saa3 was restricted to the matrix. Dotted lines indicate a plane through the dermal papilla separating anterior and posterior follicle. Scale bars: 100 μm.
Fig. 10. Shh affects hair shaft bending. (A) In situ hybridization demonstrated strong transgene expression in the hair cortex of 10-day-old Foxn1∷Shh mice. (B) In
situ hybridization revealed Krox20 expression in hair follicles of 10-day-old Foxn1∷Shh transgenic mice. (C) Hair shaft shape of zigzag hairs from wildtype and
Foxn1∷Shh transgenic mice. Representative overviews (top and middle) and representative single bends (bottom) are shown. (D) The measurement of bending angles
of zigzag hairs revealed a significant decrease of bending in Foxn1∷Shh mice. Mean values and standard deviations are shown (n≥12). Scale bars: 100 μm.
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Fig. 11. Model of the regulatory hierarchy that controls axial polarity of hair
follicles and bending of zigzag hairs. The broken arrow indicates that axial
patterning controls polarized Krox20 expression via a yet unknown mechanism,
i.e. neither EdaA1 nor Shh expression is sufficient to obtain Krox20 gene
activity. Whereas the pathway drawn on the left governing axial patterning of the
hair bulb and hair shaft is active in all follicles, the pathway on the right
controlling hair shaft bending is restricted to zigzag hair follicles.
259B. Hammerschmidt, T. Schlake / Developmental Biology 305 (2007) 246–261Axial polarity participates in hair shaft bending
Even in its simple form, the proposed model of axial
patterning within the mature follicle is sufficient to explain the
phenotype of some previously described genetic mouse models
that are characterized by the lack of hair shaft bending (Cui et al.,
2003; Mustonen et al., 2003; Sundberg, 1994b; Zhang et al.,
2003). Our data on Foxn1∷Dkk1 animals indicate that canonical
WNT signaling is involved in the formation of hair shaft bends.
While we cannot fully exclude the possibility that zigzag hair
follicles have been replaced by a different follicle type in these
mice, several pieces of evidence strongly suggest the presence of
zigzag hair follicles that give rise to abnormally shaped hair
shafts. Zigzag hairs and their follicles are characterized by three
features, namely the time of follicle induction, the presence of
one column of medulla cells, and the existence of 3–4 bends. In
Foxn1∷Dkk1 mice, only the latter attribute is affected;
concomitantly, molecular markers that are associated with the
bending process are missing. Moreover, the time of follicle
induction appears to be a reliable criterion for the judgment
whether zigzag hair follicles are formed. Ectodysplasin deficient
and transgenic mice were supposed to lack zigzag hair follicles,
although they reveal hair follicle induction around birth which is
characteristic of zigzag follicles. However, we presented
evidence that only hair shaft bending is affected in these
animals; expression of the zigzag marker Igfbp5 was evident in
Ivl∷EdaA1 and residual in tabby mice. In line with this, mice
harboring the greasy allele of ectodysplasin and an ablation of
lymphotoxin β which obviously mediates ectodysplasin signals
during follicle morphogenesis, respectively, suffer from
impaired hair bending, although zigzag hair follicles are
unambiguously present (Cui et al., 2006; Sundberg, 1994a).
Last but not least, Igf-I transgenic mice which show a normal
morphogenetic program of hair follicle induction also lack
zigzag hairs but do possess zigzag hair follicles (Schlake, 2005b;
Weger and Schlake, 2005).
We also presented evidence that at least a second pathway
independently controls hair shaft bending. Whereas WNT andectodysplasin signals affect axial polarity of the hair follicle by
establishing asymmetric Shh expression that appears to serve as a
directional reference not only for bending, transgenic IGF-I affects
IGFBP5 whose periodic expression in zigzag hair follicles is
functionally involved in bend formation (Fig. 11) (Schlake, 2005b;
Weger and Schlake, 2005).
How is the periodic gene activity of Igfbp5 controlled? Based on
temporal and spatial expression patterns, we previously proposed
that IGFBP5 itself might regulate its oscillating expression by
negative feedback signaling (Schlake, 2005b). However, the
molecular mechanism was completely unclear. Very recently, we
demonstrated that Igfbp5 expression in the hair follicle is regulated
by Krox20 (Fig. 11) which is also only temporarily expressed in
zigzag hair follicles (Schlake, 2006). Furthermore, the present
analysis revealed a tight link between Shh and Krox20 expression.
Interestingly, stimulation of PI3-kinase andAKT by IGF-I enforces
SHH signaling (Riobo et al., 2006). Together, these data support our
previously proposed model which can now be refined: in order to
activate Krox20 and Igfbp5 expression, SHH needs the assistance
of IGF-I signaling which is blocked by IGFBP5. Thus, a burst of
Igfbp5 expression in the hair matrix inhibits further IGF-I and
SHH signaling, thereby limiting IGFBP5 production to a small cell
population.Upon itsmovement along the proximo-distal axis of the
hair follicle during hair shaft formation, the effective IGFBP5
concentration in the hair matrix decreases until IGF-I signaling
again stimulates SHH signaling and gives rise to a new burst of
Krox20 and Igfbp5 expression. In this process, WNTs and
ectodysplasin are essential for and control the localization of Shh
expression; however, the mechanism of switching polarity in
zigzag hair follicles is still elusive. Our model is very similar to the
mechanism of segmentation during somitogenesis (Aulehla et al.,
2003), suggesting the existence of a fundamental principle for the
establishment of periodic patterns; in both systems, an outgrowing
structure serves as the major source of negative feedback signals.
Moreover, mesodermal as well as hair shaft segmentation are
molecularly linked to axial patterning processes (Nakaya et al.,
2005).
Establishment of axial polarity of hair follicles
Structural asymmetry of hair follicles develops during early
morphogenesis. However, its molecular basis and the link to
hair bulb polarity that gives rise to rotationally asymmetric hair
shafts were completely unclear. Since hair follicles run through
cycles of growth, regression, and resting, the hair bulb and its
asymmetry have to be repeatedly established.
We provided evidence that WNTsignaling affects axial polarity
of hair bulbs and hair shafts. Interestingly, this pathway plays a
pivotal role in the induction of the hair cycle's growth phasewhen it
may set up the molecular asymmetry in the outgrowing follicle
(Van Mater et al., 2003). However, toggling polarity in zigzag hair
follicles requires a polarizing signal also during the growth phase in
at least this follicle type. Indeed, we found evidence for asymmetric
canonical WNT signaling in the hair matrix. In contrast to feather
follicles in which an anterior–posterior WNT gradient is
responsible for the development of bilaterally instead of radially
symmetric structures (Yue et al., 2006), there is no evidence for a
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polarity appears to be established downstream of Wnt expression
by the asymmetric localization of DKK co-receptors which are
capable of generating polarized WNT signals by antagonizing
pathway activity in combinationwith their ligands. The finding that
the ectodysplasin pathway generates a polarized signal in the hair
follicle as well is in line with its effects on axial polarity of hair
bulbs and shafts.
WNTs, ectodysplasin, and SHH are also involved in follicular
morphogenesis whereby WNTs appear to be most upstream and
EDA-A1 controls Shh expression via NF-κB (Andl et al., 2002;
Cui et al., 2006; Headon and Overbeek, 1999; Schmidt-Ullrich
et al., 2006; St-Jacques et al., 1998). Transgenic hair follicles
expressing either stabilized β-catenin orEdaA1 are characterized
by symmetrical Shh expression and follicular misangling/
disorientation (Gat et al., 1998; Mustonen et al., 2003) (Figs. 3
and 7). Likewise, mice lacking the WNT receptor Frizzled 6
develop hair whorls due to disoriented follicles (Guo et al.,
2004). Furthermore, it has been shown that Shh plays a crucial
role in follicular angling during feather development (Ting-
Berreth and Chuong, 1996). The normal structural asymmetry of
hair follicles in Foxn1∷Dkk1 mice is in line with the almost
unaffected Shh expression in these animals during early
morphogenesis (data not shown). By contrast, transgenic
ectodysplasin probably affected the establishment of structural
asymmetry during hair follicle induction, indicated by the severe
misorientation of follicles. As discussed above, this asymmetry
is likely to underlie hair bulb polarity as revealed by molecular
markers. Consequently, turning off transgene expression in adult
mice is insufficient to restore polarity and, hence, hair shaft
bending (Cui et al., 2003). However, mutant alleles of
ectodysplasin such as tabby and greasy demonstrate that
signaling also plays a role in mature hair follicles. Whereas
follicle orientation is normal in mutant mice and animals do
develop zigzag hair follicles, indicators for follicular polarity
such as asymmetric gene expression in the matrix and hair shaft
bending, respectively, are missing. In summary, it is likely that
the pathway suggested here for hair bulb and hair shaft polarity
also accounts for the establishment of follicular asymmetry
during hair follicle induction.
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